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FIBER PROFILE FOR ACHIEVING VERY fflGH DISPERSION SLOPE 

PRIORITY DOCUMENT 

This application claims the benefit of and priority to U.S. Provisional Patent 
Application Number 60/254,908, filed December 12, 2000. 

FIELD OF INVENTION 

This invention relates to a dispersion slope compensating optical waveguide 
having a high negative dispersion slope. This invention also relates to a dual optical 
waveguide, optical waveguide span, and optical transmission system incorporating the 
dispersion slope compensating optica waveguide. 

* 

BACKGROUND OF THE INVENTION 

In long-haul optical networks, nonlinear optical effects can degrade the optical 
signal transmission. Such nonlinear optical effects include four-wave mixing (FWM) 
and Cross-Phase Modulation (XPM). Introducing dispasion in an optical fib^ can 
reduce such nonlinear effects. 

The dispersion product or accumulated disp^on of a span of fiber is a measure 
of the dispersion accumulated over the span. The dispersion product for a fiber of 
length L with a dispersion D is the product of L and D, i.e., L^D. Thus, tibe dispersion 
product of a span of fiber having individual sections of length Lj and dispersion D,- is 
the sum of the individual dispersion products Z Lj • D,-. Dispersion imits are typically 
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given as picoseconds/nanometer-kiloineter (ps/nm-km), where the kilometer units 
correspond to the length of the fiber. 

Optical transmission systems must periodically compensate for the accumulated 
dispersion. Compensation is typically accomplished by periodically inserting a section 

5 of dispersion compensating fiber (DCF) between the sections of transmission fiber to 

reduce the accumulated dispersion. 

A scheme that conapensates for accumulated dispersion should also compensate 
for the dispersion slope. Many optical transmission systems operate according to 
transmission schemes, such as wavelength division multiplexing (WDM)y using 

1 0 multiple transmission wavelengths to increase the overall bandwidth of the 

transmission. The system transmits over a band of several channels, each channel 
transmitted at a different wavelength within a range of transmission wavelengths. In 
general, dispersion is wavelength dependent and will be different for each of the 
channels. Thus, any reasonable scheme for compensating dispersion in a multiple 

15 wavelength transmission scheme should take care to compensate the dispersion slope, 

S, i.e., the change in diversion per unit wavelength. The units of dispersion slope are 
typically given as picoseconds/(nanometer) -kilometer (ps/nm -km). 

To compensate for both dispersion Dt and dispersion slope St of the 
transmission fiber certain conditions must be satisfied. To understand the requirements 

20 for dispersion Ddc and dispersion slope Sdc of a DCF, it is usefiil to consider a typical 

terrestrial transmission system with a length Lx of transmission fiber and a length Ldc 
of DCF between optical anq)Ufiers. The transmission system transnnts over multiple 
chaimels with a center channel having a center wavelength Xc- In this case, the 
dispersion Dt of the transmission fiber must be con:q>ensated by the DCF. Accordingly, 

25 the following condition must be satisfied, Ddc(^)^Ldc = -Dt(A.c)*Lt. Additionally, the 

dispersion slope St of the transmission fib^ must be compensated by the disp^ion 
slope Sdc of the DCF. Accordingly, a second condition must be also satisfied, kdc(^) 

= (Ddc/Sdc) = kt(A<:)= (Dt/St). 

One transmission fiber finding increased use in optical transmission systems is 
30 LEAF (large effective area fiber). LEAFtypicallyhasaKvalueof approximately 50. It 
has been diflScxxlt to design a DCF to compensate for the low k value of a LEAF. A 
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number of schemes have been put forth to achieve compensation of LEAF fibers. For 
example, higher order dispersion compensating devices, dispersion compmsating 
gratings, and photonic crystal fiber have all been proposed. Each of these solutions has 
problems and faces different technological issues. In addition, the use of dual fiber 
S dispersion compensation has also been proposed, hi dual fiber dispersion 

compensation, the dispersion and dispersion slope are compensated in separate fibers, 
i.e., dual fibers. However, dual fiber dispersion compensation has not found a lot of 
acceptance to date in part due to the dif&culty in designing the dispersion slope 
compensating fiber. 

10 BRIEF SUMMARY OF THEINVENTIQN 

An advantage can be achieved for conqpensating low k value transmission 
fibers, such as LEAF, by dual fiber compensation including a fiber with high negative 
dispersion. Decoiq}ling dispersion slope compensation and dispersion compensation 
into separate fibers provides a much greater flexibility in choosing such fibers for a 

15 particular appUcation. Various lengths of the fiber in the dual fiber arrangement may be 

combined and full dispersion and dispersion slope compensation may be readily 
achieved for a wide variety of transmission fibers. This obviates the need to develop 
transmission fiber dependent upon a particular single disp^sion compensating fiber. 
Another advantage can be achieved by including a wide ring in the core region 

20 of the high negative dispersion optical fib^ that tends to restrict propagating 

electromagnetic radiation modes to the more central regions of the core and thus 
reduces bending loss due to the cladding. 

According to a first embodiment of the invention, a dispersion slope 
compensating optical waveguide having a negative dispersion slope is provided. The 

25 dispersion slope compensating optical waveguide comprises a core region and a clad 

layer. The core region comprises a first region and a second region. The second region 
surrounds the first region and has a width suf&cient to confine electromagnetic 
radiation within a selected wavelength range to substantially only the core regioiL The 
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negative dispersion slope of the dispersion slope CQtapensating optical waveguide is in 
the range of -2 ps/mn^-km to -40 ps/ran^-km over the selected wavelength range. 

According to a second embodiment of the invention, ano&er dispersion slope 
compCTisating optical waveguide having a negative dispersion slope is provided. The 
5 dispersion slope compensating optical waveguide comprises a core region having a 
central axis and a clad layer. The core region comprises a central segment, a moat 
. segment, and a ring segment, where each segment has an outer radius and an axis 
coUinear with a central axis of the core region, and the moat and ring segments each 
have an inner radius. The central segment is located about the core central axis and has 

10 a relative index Ac%. The moat segment is located about the central segment and has a 
relative index Ani% opposite in sign to the relative index Ac% of the central segment. 
The ring segment is located about the moat segment and has a relative index Ar% of the 
same sign as the relative index Ac% of the central segment. The di£Eerence between the 
ring segment outer radius and the ring segment iimer radius is sufficient to confine 

15 electromagnetic radiation within a selected wavelength range to substantially only the 
core region. The negative dispersion slope is in the range of -2 ps/nm -km to -40 
ps/W-km over the selected wavelength range. 

According to another embodiment of the invention, a dual optical waveguide is 
provided. The dual optical waveguide comprises a dispersion slope compensating 

20 optical waveguide, such as one of the waveguides in the first or second embodiment 
The dual optical waveguide also comprises a dispersion compensating optical 
waveguide. The dispersion slope compensating optical waveguide is arranged in series 
with and optically coupled to the dispersion compCTisating optical waveguide. 

According to another embodiment of the invention, an optical waveguide span 

25 is provided. The optical waveguide span comprises a dispersion slope compensating 
optical waveguide, such as one of the waveguides in the first or second embodiment. 
The optical waveguide span also comprises a dispersion compensating optical 
waveguide and a transmission waveguide. The diversion slope compensating optical 
waveguide is arranged ui series with and optically coupled to the dispersion 
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compensating optical waveguide. The dispersion compensating optical waveguide is 
arranged in series with and optically coupled to the transmissioii waveguide. 

According to another embodiment of the invention, an optical transmission 
system is provided. The optical transmission syst^ comprises a dispersion slope 

5 compensating optical waveguide, such as one of the waveguides in the first or second 

embodiment. The optical transmission system also comprises a dispersion 
compensating optical waveguide j a transmission waveguide, a transmitter and a 
receiver. The dispersion slope compensating optical waveguide is arranged in series 
with and optically coupled to the dispersion compensating optical waveguide. The 

10 dispersion compensating optical waveguide is arranged in series with and optically 

coupled to the transmission waveguide. The transmitter is optically coupled to the 
transmission waveguide, and the transmitter laimches an optical signal into the 
transmission waveguide in a selected wavelength range. 

The receiver is optically coupled to the dispersion slope compensating waveguide, and 
15 the receiver receives the optical signal from the dispersion slope compensating optical 

waveguide. 

V(R1FF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a cross-sectional view of a high negative dispersion waveguide 
according to a first embodiment of the invention. 
20 Figure 2 is a cross-sectional view of a hi^ negative dispersion waveguide 

according to a second embodiment of the invention. 

Figure 3 is a graph showing a relative index profile of a high negative dispersion 
waveguide according to a first example of the invention. 

Figure 4 is a graph showing a relative index profile of a high negative dispersion 
25 waveguide according to a second example of the invention. 

Figure 5 is a graph showing a relative index profile of a high negative dispersion 
waveguide according to a third example of the invaitioru 

Figure 6 is a graph showing the dispersion for both a LEAF and a high negative 
dispersion waveguide of the present invention. 
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Figure 7 is a side view of anothCT embodiment of the invention showing a dual 
optical waveguide. 

Figure 8 is a side view of another embodiment of the invention showing an 

optical waveguide span. 

Figure 9 is a schematic illustrating an optical transmission system according to 
another embodiment of the invention. 

DETAILED DESCRIPTION OF PREFEREIED EMBODIISIENTS OF THE 
INVENnON 

In dual fiber dispersion compensation, broadband dispersion compensation is 
achieved by essentially decoupling dispersion compensation firom dispersion slope 
compensation. This is achieved by designing two fibers, one that accounts for 
dispa:sion compensation and the other that accounts for dispersion slope compensation. 
In order to achieve a low k value, the dispersion slope compensating fiber should have a 
high negative dispersion slope. Under the constraints of conventional design rules it is 
beUeved that in order to make fibers that exhibit large negative dispersion slopes, the 
fiber must be designed very close to the cutoff of the fundamental mode. In this case 
the fiber is very bend sensitive and it is difficult to propagate the fundamental mode 
through large distances. This is the primary reason that dual fiber dispersion 
compensation has not been seriously considered for making any practical dispersion 
compensating devices. 

The inventors of the present invention have discovered it is possible to fabricate 
fibers with the required large negative dispersion slopes and at the same time make the 
fibers less bend sensitive. In particular, the present invention makes a fiber less bend 
sensitive by decreasing the amount of light that travels in the cladding. The present 
invention achieves this goal by increasing the effective index of the core while 
providing a fiber refi'active index profile that does not affect the dispersive properties of 
the core. This is achieved in the present invention within the frame work of a 
segmented core profile. In this segmented core profile, dispersion propaties of a first 
region of the core are kept about the same, while a second region of the core sxaroxmds 
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the first region and has a width sufGcieat to confine electromagnetic energy transmitted 
through the fiber at a selected wavelength to substantially only the core region. 

The present invention is particularly applicable to optical fiber systems. 
However, the present invention is not limited to optical fibers, but is also appUcable to 
optical waveguides generally. 

Figure 1 illustrates one embodimoat of the present invention showmg a cross- 
section of a high negative dispersion waveguide 10. The waveguide 10 includes a core 
region 12 and clad layer 14. The clad layer surrounds the core region 12 as is well 
known ia the art. The core region 12 comprises a first region 16 and a second region 
(or ring segment) 18. The second region 18 surrounds the first region 16. The index of 
refiraction profile and the width of the second region 1 8 are chosen to confine 
electromagnetic radiation propagating within the waveguide 10 for a selected 
wavelength range to substantially only the core region 12. Because the electromagnetic 
radiation is confined substantially to the core region 12, bending losses are substantially 
reduced. 

The waveguide 10 has a circular cross-section. In this case, the core region 12 
has a central axis and each of the first region 16 and the second region 18 has an axis 
collinear with the central axis. However, the present invention is not limited to a 
waveguide with a circular cross-section. The cross-section of the waveguide 10 may 
also be square or rectangular or have some other cross-section. In any case, the second 
region 18 of the core region 12 has a width and refiractive index profile sufficient to 
confine the electromagnetic radiation of interest, i.e., within the selected wavelength 
range, to substantially only the core region 12. 

The width of the second region 18 in the embodiment of Figure 1 is the 
difference between the outer and inner radii of the annular cross-sectioned second 
region 18. The width may be determmed differently if the waveguide 10 has a cross- 
section other than circular. Preferably, the width is in the range of about 2 to about 20 
microns. Such a range should facilitate confinement of the electromagnetic to the core. 
Most preferably, the width is in the range of about 6 to about 20 microns. 
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The function of the waveguide 10 is to compensate for the dispersion slope of a 
transmission fiber. In this regard, the waveguide 10 should have a high negative 
dispersion slope sufficient to provide slope compensation without requiring an overly 
long length of waveguide. Preferably, waveguide 10 has a negative dispersion slope in 
5 the range of -2 ps/nm^-km to -40 ps/nm^-km over the wavelength range of interest. A 

most preferred range for the negative dispersion slope is from -5 ps/nm^-km to -26 
ps/nm'-km over the wavelength riange of interest. 

The wavelength range of interest will depend upon the particular application. A 
prefenred range for transmission is from about 1450 nm to 1700 nm. A most preferred 
10 range is from about 1470 ma to 1640 nm. For C-band transmission the wavelength 

range would be centered at about 1550 nm. 

Figure 2 illustrates another embodiment of the present invention showing a 
cross-section of a high negative dispersion waveguide 20. As in the embodiment of 
Figure 1, the embodiment of Figure 2 includes a clad layer 14 and a core region 12 
1 5 with a first region 1 6 and a second region (or ring segment) 18. In the embodiment of 

Figure 2, the first region 16 includes a central segment 20 and a moat segment 22 
siuxounding the central segment 20. 

The waveguide 20 of the embodiment of Figure 2 has a circular cross-section. 
Thus, the central segment 20, moat segment 22 and the ring segment 18 all have an axis 
20 that is coUinear with the central axis of core 12 and the waveguide 20. Although the 

embodiment of Figure 2 shows a circular cross-section, it is contemplated that the 
waveguide 20 may have other cross-sections such as square or rectangular. 

In the embodiment of Figure 2, the preferred and most preferred ranges for the 
ring segment width, transmission wavelength and the negative dispersion slope are the 
25 same as for the embodiment of Figure 1 . For C-band transmission the wavelength range 

would be centered at about 1 550 nm. Also, in the embodiment of Figure 2 the index of 
refi^ction profile of the ring segment and the width of the zing segment are chosen to 
confine electromagnetic radiation propagating within the waveguide for a selected 
wavelength range to substantially only the core region 12. 
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In this regard, the sign of the relative index, A%, of each of the central segment 
20, moat segment 22, and ring segment 18 are chosen to substantially confine the 
electromagnetic radiation in the core region 12 of the waveguide. The relative index, 
Ai%, of region i is defined in this application as: 

Ai% = 100 X (ni^- n^yi n,^, 

where n, is the maximum refractive index of region i, and nc is the refi:active 
index of the clad layer 14, To substantially confine the electromagnetic radiation to the 
core region 12, the central segment relative index Ac% is chosen to be opposite in sign 
to the moat segment relative index Ain% and of a same sign as the ring segment (or 
second region) relative index Ar% (or A2%). 

Preferred ranges for central segment relative index Ac%, moat segment relative 
index Ani%, and ring segment relative index Ar% is in tihe range, respectively, of about 
0.4% to 0.8%, -0.5% to "0.7%, and 0.1% to 0.4%. Preferred ranges for the ring 
segment inner radius, and the difference between the ring segment outer radius and the 
ring segment iimer radius, respectively, are in the range of about 6.5 microns to 12.5 
microns, and about 2 to 20 microns. The preferred ranges for the c^tral segm^t outer 
radius is in the range of about 3 to 6 microns. The preferred ranges for the difference 
between the moat segment outer and inner radius is in the range of about 3.5 microns to 
6.5 microns. The radii are all measured relative to the waveguide central axis as the 
center of the circle. 

Such refiractive index profiles can be made using various techniques known in 
the art. Optical waveguides in fiber form are preferably made using chemical v^or 
deposition techniques such as the outside vapor deposition (OVD) process, the vapor 
axial deposition (VAD) process, or the inside vapor (MCVD) deposition process. The - 
more preferred manufacturing technique for optical fibers is OVD. Conventional 
dopant materials can be used for doping of silica glass waveguides, such as geimania 
for updoping (raising the index of refi:action) and fluorine for down doping (lowering 
the index of rejBraction). 

The specific refiractive index profile of each of the central segment, 'moat 
segment and ring segments may have a variety of refiractive index profile shapes. For 
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example, the refractive index profiles of each of these segments may have a respective 
shape that may be a step, a ronnded step, a trape2X>id, a roimded trapezoid, or an a- 
profile. An a-profile is given by the equation: Abo% = A%( bo)(l-[|b-bo|/( bi- bo)] % 
where bo is the maximum point of the prpfile aud bi is the point at which Abo% is zero 
5 and b is in the range bj < b < bf, where A% is defined as above, bi is the initial point of 

the a-profile, bf is the final point of the a-profile, and a is an exponent which is a real 
number. Approximate a values for the coitral and moat segments may be about 4. 

EXA3VIPLES: 

■ 

10 Example 1 : 

Figure 3 is a relative index profile of the core region for Example 1 of the 
present invention according to the second embodiment of the high negative dispersion 

m 

slope waveguide. In Example 1, the central segment, moat segment and ring segment 
outer radii are about 4, 8 and 18 microns, respectively. In this first example, the 
15 relative indices of the central segment Ac%, moat segment Am% and ring segment Ar% 

are about 0.6%, -0.55% and 0.3%, respectively. 
Example 2 : 

Figure 4 shows the relative index profile of the core region for Example 2. In 
Example 2, the central segment, moat segment and ring segment outer radii are about 4, 
20 10 and 14 microns, respectively. In this second example, the relative indices of the 

central segment Ac%, moat segment Am% and ring segment Ar% are about 0.6%, - 
0.55% and 0.4%, respectively. 

Figure 5 shows the relative index profile of the core region for Example 3. In 
25 Example 3, the central segment, moat segment and ring segment outer radii are about 4, 

9 and 22 microns, respectively. In this third example, the relative indices of the central 
segment Ac%, moat segment Am% and ring segment Ar% are about 0.6%, -0.55% and 
0.3%, rrapectively. 

Table I lists the dispersion, dispersion slope, effective area, and wavelength 
30 cutofi" for the relative index profiles of the waveguides in Examples 1 to 3. 
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Tablel 



Projaie 


Dispersion 

(ps/nm-lon) 


Dispersion slope 
(ps/nm^-km) 


Effective area 
(microns^) 


Cutoff 
(microns) 


Exp. 1 


-126 


-11 


48.9 


4.57 


Exp. 2 


-82 


-5 


43.7 


3.03 


Exp. 3 


-165 


-25.55 


47.83 


5.02 



As table I illustrates, the wavelength cutoff remains above 3 microns for all 
three examples. For typical fiber transmission applications, the transmission 
wavelength range is between approximately 1450 nm (1.45 microns) and 1700 nm (1.7 
microns). Thus, for typical transmission applications, all three examples show good 
cutoff values that indicate that the electromagnetic radiation remains substantially 
confined to the core region. Even for example 2, with a ring section width of only 
about 4 microns, the cutoff remains above 3. Because the electromagnetic radiation 
remains substantially confined to the core region, the waveguides of examples 1 to 3 
should have low bend loss. 

At the same time, the dispersion slope for all three examples is sufiSciently hig^ 
and negative to provide good dispersion slope compensation. Specifically, the 
dispersion slope in these three examples ranges from —5 to -25.55 ps/nm^-km. Thus, in 
all three examples, the waveguides have both good dispersion slope compensation and 
should have low bend loss. 

It should be noted that as the negative dispersion slope is increased for a given 
profile, the wavelength range over which the fiber is useftil may decrease quite 
dramatically. Hence in order to achieve reasonable broadband slope compensation and 
negative dispersion slopes it is necessary to optimize the profile. For a wavelength 
range of 32 nm within the C-band (1530-1565 nm) an optimum dispersion slope was 
found to be around -5 ps/nm^-km. 

An example of the dispersion slope compensation for this case is illustrated in 
Figure 6. Figure 6 shows the dispersion for hoUi a transmission fiber and a slope 
compensating fiba:. In Figure 6 it is assumed that the bulk of the dispersion in the 
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transmission fiber has already been compensated by a dispersion compensating 
waveguide. Thus, the accumulated dispersion of the transmission fiber shown in Figure 
6 has been offset by the amount compensated by the dispersion compensating 
waveguide. Also, the offset dispersion of the transmission fiber will of course be 

5 opposite in sign to the dispersion of the dispersion slope compensating waveguide. 

However, for ease of illustration, the dispersion of the transmission fiber is shown 
"flipped'', i.e., reversed in sign, so that it can be more easily seen that dispersion of the 
dispersion slope compensating waveguide compensates the dispersion in the 
transmission fiber over a wavelength range, hi Figure 6 the relative index profile in 

10 figure 2 was used as a slope compensating fiber. For Figure 6, a 50 km section of 

Python LEAF was compensated by a 1 km section of the dispersion slope compensating 
fiber. 

Figure 7 is a side view of another embodiment of the invention showing a dual 
' optical waveguide 40. The dual optical waveguide 40 comprises both a dispersion 

15 compensating optical waveguide 42 and a dispersion slope compensating optical 

waveguide 44. The dispersion slope compensating optical waveguide 44 is arranged in 
series with and is optically coupled to the dispersion compensating waveguide 42. The 
dual optical waveguide fimctions to compensate both dispersion (primarily in the 
dispersion compensating optical waveguide 42) and dispersion slope (primarily in the 

20 dispersion slope compensating optical waveguide 44) in separate waveguides. Thus, 

the present invention offers more fiexibiUty in overall dispersion compensation, 
because the dispersion and dispersion slope compensation are decoupled. 

The dispersion slope compensating optical waveguide 44 may be, for example, 
the waveguide 10 of the first embodiment or the waveguide 20 of the second 

25 embodiment. Of course, the present invention is not limited to dispersion slope 

compensating optical waveguides 44 of circular cross-section and may have a square or 
rectangular cross-section, for example. 

* 

The dispersion compensating optical waveguide 42 may be, for example, a fiber 
such as Coming's Pure Mode DCM optical waveguide fiber. 



iHCXiiD: •sWO. Q24fl7fi&/^ I > 



wo 02/48768 PCTAJSOl/46038 

-13- 

Figure 8 is a side view of another embodiment of the invention showing an 
optical waveguide span 50. The optical waveguide span comprises a transmission 
waveguide 52, a dispersion compensating optical waveguide 54 and a dispersion slope 
compensating optical waveguide 56. The dispersion compensating optical waveguide 
54 is arranged in series with and optically coupled to the transmission waveguide 52. 
Similarly, the dispersion slope compeosating optical waveguide 56 is arranged in series 
with and optically coupled to the dispersion compensating optical waveguide 54. The 
dispersion compensating optical waveguide 54 and the dispersion slope compensating 
optical waveguide 56 act in conjunction to compensate both the dispersion and the 
dispersion slope of the transmission waveguide 52. Thus, tiie dispersion compensating 
optical waveguide 54 and the dispersion slope compensating waveguide 56 act as the 
dual optical waveguide of the embodiment of Figure 7. 

The dispersion slope compensating optical waveguide 54 maybe, for example, 
the waveguide 10 of the first embodiment or flie waveguide 20 of the second 
embodiment Of course, the present invention is not limited to dispersion slope 
comipensating optical waveguides 54 of circular cross-section and may have a square or 
rectangular cross-section, for example. The dispersion compensating optical waveguide 
54 may be, for example, a fiber such as Coming's Pure Mode DCM optical waveguide 
fiber. 

The transmission waveguide 52 may be any conventional waveguide which 
requires both dispersion compensation and dispersion slope condensation. For 
exan^le, the transmission waveguide 52 may be a LEAF. 

Figure 9 is a schematic illustrating an optical transmission system 60 according 
to another embodiment of the invention. The optical transmission system 60 includes a 
transmitter 62 which transmits light signals to a receiver 64. The transmitter 62 may 
include, for exan^le, a high powered laser appropriate for telecommunications. The 
transmitter 62 transmits the light signal into at least one span 66 of fiber. Figure 9 
shows three spans 66. However, the number of spans may be more or less than three 
and may be a single span. At least one of the spans comprises a transmission 
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waveguide 68, a dispersion compensating optical waveguide 70 and a dispersion slope 
compensating optical waveguide 72. 

The dispersion compensating optical waveguide 70 of a particular span is 
arranged in series with and is optically coupled to a transmission waveguide 68 of the 

5 spaa The dispersion slope compensating optical waveguide 72 of a particular span is 
arranged in series with and is optically coupled to a dispersion compensating optical 
waveguide 70 of the span. While Figure 9 shows the dispersion slope compensating 
optical waveguide 72 of a particular span arranged after the dispersion compensating 
optical waveguide 70 for that span, the waveguides 72 and 70 may be arranged in either 

1 0 order. The dispersion compensating optical waveguide 70 and the dispersion slope 
compensating optica waveguide 72 act to compensate, respectively, for the 
accumulated dispersion and dispersion slope of a respective transmission waveguide 
68. 

The last span adjacent to the receiver 64 is optically coupled to the receiver 64, 
15 and the receiver receives the optical signal from the last span. The transmitter 62 may 
be, for example, a WDM transmitter. Li this case, the receiver should be a WDM 
receiver. 

The optical transmission system 60 may optionally include optical amplifiers 74 
between adjacent spans 66 to amplify the light signals as they are transmitted from span 
20 to span if amplification is desired or required. The optical amplifiers 74 are optically 
connected in a series arrangement with the spans 66 and act to periodically amplify the 
optical signal as it passes through the optical transmission system 60. 

While Figure 9 shows the optical amplifiers 74 arranged between spans 66, in 
general the compensating optipal waveguides may be located inside an amplifier. For 
25 example, both the dispersion compensating optical waveguide 70 and the dispersion 

slope compensating optical waveguide 72 may be arranged within a two stage amplifier 
with the dispersion compensating optical waveguide 70 and the dispersion slope 
compensating optical waveguide 72 arranged between the two stages. 

While Figure 9 shows the dispersion slope compensating optical waveguide 72 
30 and the dispersion conipensating optical waveguide 70 of a particular span arranged 
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after the transmission waveguide 68 for that span, the waveguides 72 and 70 may be 
arranged either before or after the transmission waveguide of a particular span. 
Preferably, the waveguides are arranged such that the optical sigoal has sufEici^t 
accumulated dispersion upon amphfication to avoid FWM non-linear effects. In this 
regard, the accumulated dispersion should be brought near zero only after amplification. 

The waveguide arranged just before the receiver need not be a dispersion slope 
compensating optical waveguide.' For example, it maybe desired in some applications 
to trip some dispersion just before the receiver. 

The system may transmit, for example, such tiiat the transmitter launches the 
optical signal directly into the transmission waveguide and the receiver receives the 
optical signal directly fi:om the dispersion slope comp^isating optical waveguide. 

The dispersion slope compensating optical waveguide 72 may be, for exsmplOy 
the waveguide 10 of the first embodiment or the waveguide 20 of the second 
embodiment. Of course, the present invention is not limited to diversion slope 
compensating optical waveguides 72 of circular cross-section and may have a square or 
rectangular cross-section, for example. 

The dispersion compensating waveguide 70 may be, for example, a fiber such as 
Coming's Pmre Mode DCM optical waveguide fiber. 

The transmission waveguide 68 may be any convmtional waveguide which 
requires both dispersion compensation and dispersion slope compensation. For 
example, the transmission waveguide may be a LEAF. 

The preferred embodiments have been set forth herein for the purpose of 
illustration. However, this description should not be deemed to be a limitation on the 
scope of the invention. Accordingly, various modifications, adaptations, and 
alternatives may occur to one skilled in the art without departing fiom the scope of the 
claimed inventive concept 
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CLAIMS 

1 . A dispersion slope compensating optical waveguide having a negative 
dispersion slope, the waveguide comprising: 

a core region; and 
5 a clad layer; 

wharein the core region comprises a first region and a second region, the second 
region surrounding the first region and having a width sufficient to confine 
electromagnetic radiation within a selected wavelength range to substantially only the 
core region, 

1 0 wherein the negative dispersion slope of the waveguide is in the range of -2 

ps/nm^-km to -40 ps/nm^-km over the selected wavelragth range. 

2. The dispersion slope compensating optical waveguide of claim 1, wherein tiie 
negative dispersion slope is in the range of -5 ps/mn -km to -26 ps/nm -km over the 

1 5 selected wavelength range. 

3. The dispersion slope comp^isating optical waveguide of claim 1, wherein the 
selected wavelength range includes 1550 nm. 

20 4. The dispersion slope compensating optical waveguide of claim 3, wherein the 

selected wavelength range is about 1450 nm to 1700 nm. 

5. The dispersion slope compensating optical waveguide of claim 3, wherein the 
selected wavelength range is about 1470 nm to 1640 nm. 

25 

6. The dispersion slope compensating optical waveguide of claim 1, wherein the 
core has a central axis and each of the first region and the second region has an axis 
collinear with the central axis. 
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7. The dispersion slope compensating optical waveguide of claim 6, whereia the 
second region has an inner radius and an outer radius and the difference therebetween is 
in the range of about 6 to about 20 microns. 

8. The dispersion slope compensating optical waveguide of claim 6, wherein the 
second region has a relative index A2%9 and the first region comprises: 

a central segment having an outer radius, an axis colliaear with the central axis, 
and a relative index Ac% of a same sign as the second region relative index A2%; and 

a moat segment suiroundiag the central segment and having an outer radius, an 
inner radius, an axis collinear with the central axis, and a relative index Ain% that is 
opposite in sign to the central segment relative index Ac%. 

9. A dispersion slope compensating optical waveguide having a negative 
dispersion slope, the waveguide comprising: 

a core region having a central axis; and 
a clad layer; 

wherein the core region comprises, a central segment, a moat segment, and a 
ring segment, each, segment having an outer radius and an axis collinear with tiie central 
axis, the moat and ring segments each having an inner radius, 

the central segment located about the central axis and having a relative index 

Ac%; 

the moat segment located about the central segment and having a relative index 
Am% opposite in sign to the relative index Ac% of the central segment; 

the ring segment located about the moat segment and having a relative index 
Ar% of the same sign as the relative index Ac% of the central segment, the difference 
between the ring segment outer radius and the ring segment inner radius being 
suf&cioit to confine electromagnetic radiation within a selected wavelength range to 
substantially only the core region, 

the negative dispersion slope being in the range of -2 ps/nm^-km to -40 ps/nm^- 
km over the selected wavelength range. 
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10. The dispersion slope compensating optical waveguide of claim 9, wherein the 
difference between the ring segment outer radius and the ring segment inner radius is in 
the range of about 6 to about 20 microns. 

5 11. The dispersion slope compensating optical waveguide of claim 9, wherein each 

of the central, moat and ring segments has a respective refractive index profile, the 

• * 

refractive index profiles having arespective shape selected from the group consisting of 
an a-profile, a step, a rounded step, a trapezoid, and a rounded trapezoid. 

10 12. The dispersion slope compensating optical waveguide of claim 1 1, wherein the 

respective refractive index profiles of the central and moat segments are a-profiles with 
an a value of about 4. 

13. The dispersion slope compensating optical waveguide of claim 9, whorein the 
15 negative dispersion slope is in the range of -5 ps/nm -km to -26 ps/nm -km over the 

selected wavelength range. 

14. The dispersion slope compensating optical waveguide of claim 9, wherein 

the central segment has a relative index Ac% in the range of about 0.4% to 0.8%; 
20 the moat segment has a relative index Am% in the range of about -0.5% to - 

0.7%; and 

the ring segment has a relative index AjVo in the range of about 0.1% to 0.4%, 
the ring segment inner radius being in the range of about 6.5 microns to 12.5 microns, 
the difference betwem the ring segment outer radius and the ring segment iimer radius 
25 being in the range of about 2 to about 20 microns. 

15. The dispersion compensating optical waveguide of claim 9, wherein the selected 
wavelength range includes 1550 nm. 

30 16. The dispersion slope compensating optical waveguide of claim 15, wherein tibie 

selected wavelength range is about 1450 nm to 1700 nm. 
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1 7. The dispersion slope compensating optical waveguide of claim 14, wherein the 
difference between the ring segment outer radius and the ring segment inner radius is in 
the range of about 6 to 20 microns. 

1 8. The dispCTsion slope compensating optical waveguide of claim 14, wherein the 
central segment outer radius is in.the range of about 3 to 6 microns. 

19- The dispersion slope compensating optical waveguide of claim 14, wherein the 
difference between the moat segment outer and inner radius is in the range of about 3.5 
microns to 6.5 microns. 



20. The dispersion slope compensating optical waveguide of claim 14, wherein the 
central segment outer radius is about 4 microns, the moat segment outer radius is about 
8 microns, and the ring segment outer radius is about 18 microns. 

21. The dispersion slope compensating optical waveguide of claim 20, wherein the 
central segment has a relative index Ac% of about 0.6%, flie moat segment has a relative 
index Am% of about -0.55%, and ring segment has a relative index Ar% of about 0.3%. 

22. The dispersion slope compensating optical waveguide of claim 14, wherein the 
central segment outer radius is about 4 microns, the moat segment outer radius is about 
10 microns, and the ring segment outer radius is about 14 microns. 

23. The dispersion slope conq)ensating optical waveguide of claim 22, wherein the 
central segment has a relative index Ac% of about 0.6%, the moat segment has a relative 
index A„,% of about -0.55%, and ring segment has a relative index 4% of about 0.4%. 
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24. The dispersion slope compmsating optical waveguide of claim 14, wherein the 
central segment outer radius is about 4 microns, the moat segment outer radius is about 
9 microns, and the ring segment outer radius is about 22 miorons. 

5 25. The dispersion slope compensating optical waveguide of claim 24, wherein the 
central segment has a relative index Ac% of about 0.6%, the moat segment has a relative 

« 

index Am% of about -0.55%, and ring segment has a relative index Ar% of about 0.3%. 

26. A dual optical waveguide, comprising: 
10 a dispersion compensating optical waveguide; and 

a dispersion slope compensating optical waveguide arranged in series with and 
optically coupled to the dispersion compensating optical waveguide, the dispersion 
slope compensating waveguide comprising: 

a core region having a central axis; and 
15 a clad layer; 

wherem the core region comprises, a central segment, a moat segment, 
and a ring segment, each segment having an outer radius and an axis collinear with the 
central axis, the moat and ring segments each having an inner radius, 

the central segment located about the central axis and having a relative 

20 index Ac%; 

the moat segment located about the central segment and having a relative 
index Am% opposite in sign to the relative index Ac% of the central segment; 

the ring segment located about the moat segment and having a relative 
index Ar% of the same sign as the relative index Ac% of the central segment, the 
25 difference between the ring segment outer radius and the ring segment inner radius 

being sufQcient to confine electromagnetic radiation in a selected wavel^gth range to 
substantially only the core region, 

the negative disp^sion slope being in the range of -2 ps/mn -km to -40 
ps/nm^-km over the selected wavelength range. 

30 
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27. An optical waveguide spaa comprising: 
a transmission waveguide; 

a diq>ersion compensating optical waveguide arranged in series with and 
optically coupled to the transmission waveguide; and 
5 a dispersion slope conq>ensating optical waveguide arranged in series with and 

optically coupled to the dispersion compensating optical waveguide, the dispersion 
slope compensating waveguide comprising: 

a core region having a central axis; and 
a clad layer; 

10 whCTein the core region comprises, a central segment, a moat segment, 

and a ring segment, each segment having an outer radius and an axis collinear with the 
central axis, the moat and ring segments each having an inner radius^ 

the central segment located about the central axis and having a relative 

index Ac%; 

1 5 the moat segment located about the central segment and having a relative 

index Am% opposite in sign to the relative index Ac% of the central segment; 

the ring segment located about the moat segment and having a relative 
index ^% of the same sign as the relative index Ac% of the central segment, the 
difiTerence between the ring segment outer radius and the ring segment inner radius 
20 being suf&cient to confine electromagnetic radiation in a selected wavelength range to 

substantially only the core region, 

the negative dispersion slope being in the range of -2 ps/nm^-km to -40 
ps/nm^-km over the selected wavelength range. 

25 28- The optical waveguide span of claim 27, wherein the transmission waveguide is 

a large efifective area fiber. 



29. A optical transmission system transmitting ia a selected wavelength range 
including 1550 nm, the system comprising: 
30 a transmission waveguide; 
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a dispersion cx)mpeiisating optical waveguide arranged in series with and 
optically coupled to the transmission waveguide; and 

a dispersion slope compensating optical waveguide arranged in series witih and 
optically coupled to the dispersion compensating optical waveguide; 
5 a transmitter optically coupled to the transmission waveguide, wherein the 

transmitter laimches an optical signal into the transmission waveguide in the selected 
wavelength range; and 

a receiver optically coupled to the dispersion slope compensating waveguide, 
wherein the receiver receives the optical signal from the dispersion slope compensating 
10 optical waveguide; 

wherein the dispersion slope compensating optical waveguide comprises: 
a core region having a central axis; and ' 
a clad layer; 

wherein the core region comprises, a central segment, a moat segment, 
15 and a ring segment, each segment having an outer radius and an axis collinear with the 

central axis, the moat and ring segments each having an inner radius, 

the central segment located about the central axis and having a relative 

m 

index Ad%; 

the moat segment located about the central segment and having a relative 
20 index Am% opposite in sign to the relative index Ac% of the cCTtral segment; 

the ring segment located about the moat segment and having a relative 
index Ar% of the same sign as the relative index Ac% of the cratral segment, the 
diJQference between the ring segment outer radius and the ring segment inner radius 
being sufficient to confine electromagnetic radiation in a selected wavelength range to 
25 substantially only the core region, 

the negative dispersion slope being in the range of -2 ps/nm -km to -40 
ps/nm^-km over the selected wavelength range. 

30. The optical transmission system of claim 29, wherein the transmitter launches 
30 the optical signal directly into the transmission waveguide. 
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3 1 . The optical transmission system of claim 29, wherein the receiver receives the 
optical signal directly from the dispersion slope compensating optical waveguide, 
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